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DOI: 10.1039/c0jm01705aWalnut-like structures made up of a polyaniline (PANI) nanofiber network and polystyrene (PS)
microspheres are successfully fabricated by a novel approach, ‘‘competitive adsorption–restricted
polymerization’’. In the reaction system, PS microspheres are simultaneously encapsulated by cationic
surfactant and aniline hydrochloride. Just this cationic surfactant molecule affects the nucleation model
and second growth of PANI via electrostatic interactions and steric hindrance, which accounts for the
formation of a PANI nanofiber network coating on the PS surface. The size, ordering and amount of
PANI nanofibers on the three-dimensional surface can be particularly controlled by altering a variety
of synthetic conditions, such as the amount of cationic surfactant, temperature and concentration. A
superhydrophobic and conductive surface is obtained by drop-casting a suspension of these walnut-like
PS/PANI particles onto a substrate.Introduction
Polyaniline (PANI) as a typical conducting polymer has prom-
ising applications in many fields such as corrosion protection, gas
and chemical sensors, actuators and micro-fluidic devices,1 but
the unyielding processability partially hinders its further prog-
ress. Depositing PANI on polystyrene (PS) microspheres is an
effective method for improving its processability. Another
remarkable advantage of this approach is that less conducting
polymer is required to obtain particles with useful electrical
properties.2 There have been a prodigious amount of attempts at
preparing PS/PANI core–shell structures.3–7 Researchers prefer
to pursue a perfect and uniform PANI shell, but neglect to design
PANI architectures on the surface of PS microspheres. That means
more than just complete coverage of PANI on the microspheres
but regular shape decoration, such as an effective conductive net-
work structure. Recently, growing and intensive interest is no-
ticeable for research directed toward PANI nanostructures, such as
nanoparticles,8 nanofibers,9 nanorods,10 etc., because of their novel
physical properties and potential applications in hi-tech areas.11
However, it is worthwhile pointing out that direct integration of
such nanostructures into devices is not straightforward as the
solution-based synthesis usually restricts the needed alignment,
requiring additional protocols for precise positioning at the wafer
scale.12 Shape control of PANI nanostructures on a large scale is
still a challenge for the design of integrated materials with ad-
vanced functions.
Hence we believe that constructing uniform PANI nanofibers
on the surface of PS microspheres will be both interesting and
significant. To a great extent, the micro- and nanoscaleaKey Laboratory of Fire Retardant Materials of Fujian Province, College
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This journal is ª The Royal Society of Chemistry 2010hierarchical structures mimic the microscopic morphology of
lotus leaves, which would bring about a superhydrophobic
surface (i.e. surface contact angle with water >150). Although
numerous researchers have been inspired by the lotus leaf
to develop biomimetic approaches, most of the preparations
involve strict conditions (such as harsh chemical treatment),
expensive materials (e.g., perfluoroalkylsilane, nanotubes), and
complicated processing procedures including etching, plasma
treatment and chemical vapor deposition.13 Zhu and co-
workers14 fabricated a superhydrophobic PANI/PS composite
film by an electrospinning method, however, the efficiency of this
method is relatively low due to the poor solubility of PANI.
Herein, we present a simple and effective one-pot synthesis
method, ‘‘competitive adsorption–restricted polymerization’’,
which enables accurate fabrication of PANI nanofiber integra-
tion on PS three-dimensional (3D) surfaces. The resulting
walnut-like hierarchical structure is characterized by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), Fourier transform infrared (FTIR) spectroscopy, UV-
visible spectroscopy, XRD and elemental microanalyses. In
addition, the formation mechanism of the walnut-like PS/PANI
particle is discussed in detail. A conductive surface with walnut-
like hierarchical structure exhibits a water contact angle (CA)
greater than 150. This work might provide a general method for
fabricating substrates with conductive and superhydrophobic
properties, that is, by delivering a suspension of walnut-like PS/
PANI particles onto a substrate, which can be realized with
a number of current technologies including inkjet printing,
micropipetting, and microcontact printing.Experimental
Materials
All solvents and chemicals were of reagent quality and were used
as received except styrene and aniline (AR, Shanghai Chemical













































View Article Onlinesurfactants were all purchased from Aldrich/Fluka: dodecyl-
trimethylammonium chloride (C12TAC, single tail cationic
surfactant), didecyldimethylammonium bromide (C10DAB,
double tail cationic surfactant), polyoxyethylenesorbitan mono-
stearate (Tween 60, nonionic surfactant).
Preparation of monodipersed PS microspheres
The PS particles were prepared by dispersion polymerization. 39
mL of ethanol and 0.36 g of polyvinylpyrrolidone (PVP) was
added to a 100 mL three-necked round flask and heated to 81 C
under stirring. Following the attainment of a uniform dispersion,
benzoyl peroxide (BPO) dissolved in styrene (0.09 g/10 mL) was
added. The polymerization was allowed to proceed under a N2
atmosphere for 24 h before cooling to room temperature. In
order to remove soluble impurities, the resultant was centrifu-
gally separated at 3000 rpm for 15 min and washed with ethanol
three times. The monodispersed PS particles obtained were dried
under a vacuum at 60 C for 24 h.
Preparation of walnut-like hierarchical structure (PANI
nanofiber coated PS particles)
Cationic surfactant solution was prepared by dissolving 0.0111 g
of C10DAB in aqueous 2 M HCl (10 mL). 0.5 g PS microspheres
and the above surfactant solution were added to a 50 mL two-
necked round flask. The flask was purged with nitrogen before
the addition of 2.5 mL 20 g L1 aniline n-hexane solution under
magnetic stirring. On stirring, 10 mL of an aqueous solution
of ammonium peroxydisulfate (APS, 0.5 mmol) was added in
0.05 mL aliquots at 10 s intervals. During the above process, the
temperature was maintained at room temperature (RT). After
adding APS, the reaction mixture was allowed to stand at 4 C
for 12 h. The resulting product was rinsed off with de-ionised
water and ethanol several times, consecutively. Finally, the product
was dried under vacuum for 48 h at room temperature before
characterization.
In order to understand the effect of temperature on the
morphology of PANI nanofibers, two further experiments were
also carried out. The general procedure described for the walnut-
like structure synthesis was followed, except that temperature
was maintained at RT or 4 C in the whole reaction process.
For studying the effect of type of the surfactants on the
morphology of PANI nanofiber, one experiment was processed
via the same route to walnut-like structure, except that C10DAB
was replaced by C12TAC and the temperature was kept at RT in
the whole reaction process. The dosage of C12TAC was the same
as that of C10DAB. The resulting product was named as PS/
PANI-C12TAC-RT.
To investigate the influence of the mass ratio of aniline and PS
on the morphology of PANI nanofibers, parallel experiments
were carried out with the mass ratio ranging from 20 : 1 to 5 : 1.
Preparation of a surface consisting of the PS/PANI composite
particles
0.05g PS/PANI composite particles were added into 5 mL of
ethanol to form a suspension. The suspension was treated
ultrasonically for 15 min, and then drop-cast on the surface of
a clean aluminium plate that had been heated to 60 C. This10848 | J. Mater. Chem., 2010, 20, 10847–10855drop-casting surface was dried at 60 C for the contact angle
measurement.The adsorption determination of cationic surfactant on PS
surface
A fixed amount, W (equal to 0.5 g), of PS microspheres was taken
in a standard joint stoppered round bottom conical flask
(capacity 100 mL). Then, 22.5 mL of cationic surfactant solution
(1.36  103 mol L1) was added into the flask. The flask was
sealed and shaken gently on a horizontal shaker for 24 h at room
temperature. After attainment of equilibrium, the supernatant in
the flask was free from suspended particles after centrifugation at
3000 rpm. The concentration of the cationic surfactant in the
supernatant was estimated by Marker bromothymol blue spectro-
photometric method.15 Here, 2 mL of the cationic solution, 10 mL
of the Marker bromothymol blue solution (1.6  104 mol L1),
1 mL nonyl phenyl polyoxyethylene ether solution (0.5 wt%) and
2.5 mL phosphate buffer were added into a 50 mL volumetric flask
in sequence, and then purified water was used to bring to the
volume to 50 mL. At the defined wavelength of 617 nm, a Cary
5-UV-vis spectrometer was used to measure the absorbency of the
solution in the flask.Characterization
Scanning electron microscopy (SEM). SEM images of the PS
microsphere and the resultant composites were obtained using an
LEO 1530VP SEM instrument. Samples for the SEM experiment
were made on a conducting stage and observed with gold
coating.
Fourier transform infrared (FT-IR) spectroscopy. FT-IR
spectra of the samples were recorded using a Nicolet Avatar 360
Fourier Infrared spectrophotometer (FTIR) with the KBr pellet
technique.
UV-vis spectroscopy. UV-Vvis spectra of the samples were
measured in m-cresol solution on a Cary 5-UV-vis spectrometer.
Conductivity measurement. Electrical conductivity was
measured by a conventional four probe method under laboratory
conditions. The composite powder was compacted into a disk
pellet 12.7 mm in diameter under a pressure of 10 (kg N)/cm2.
X-Ray diffraction (XRD) measurement. XRD was carried out
on a Rigaku D/max-2500 X-ray diffractometer using Cu (40 kV,
100 mA) radiation.
Contact angle measurement. Ion-exchanged water drops were
placed on the surface consisting of PS/PANI composite particles;
their static contact angles were measured using the POWER-
EACH JC2000A contact angle system. Average CAs were
obtained by measuring the same sample at five different posi-
tions.
Dynamic light scattering (DLS) and zeta potential measure-
ment. Both the measurements were carried out by using a Mal-













































View Article OnlineChemical composition. CHN elemental microanalyses of the
walnut-like PS/PANI particles were performed by using a Vario
EL III.Results and discussion
Morphology and superhydropobic properties of walnut-like PS/
PANI particles
First, the core of walnut-like structure, monodispersed PS
microsphere, is readily prepared by dispersion polymerization,
and their SEM images and size distribution are shown in Fig. S1
(ESI†). Upon mixing these microspheres with didecyldimethyl-
ammonium bromide (C10DAB) solution, the microspheres are
capsulated by the cationic surfactant molecules. In order to avoid
the polymerization of aniline in the surfactant micelles, the
concentration of the cationic surfactant is kept slightly lower
than its critical micelle concentration (CMC). Following the
addition of aniline n-hexane solution and ammonium peroxy-
disulfate (APS), the polymerization of aniline on the positively
charged PS microspheres gets under way. If the reaction system is
kept at 4 C after adding dropwise APS, the final product would
possess a walnut-like hierarchical structure (as shown in Fig. 1a
and b). From Fig. 1b, one can find that the surface of the hier-
archical structure is composed of dense and short PANI nano-
fibers with 70 nm diameter. These nanofibers either connect to
one another or nest one on top of another to form a sophisticated
nonwoven mesh. The micro- and nanoscale surface roughness
mimics the surface topology of lotus leaves. By drop-casting
a suspension of the walnut-like PS/PANI particles onto a clean
aluminium plate, a superhydrophobic surface with water contact
angle (CA) of 152  2 is prepared as illustrated in Fig. 1c.
FTIR and UV-vis spectra were used to characterize the
walnut-like PS/PANI particles. Fig. 2a shows the FTIR spectra
of PS/PANI particles and PS microspheres, respectively. It can be
seen that the bands of the composite particle are very similar to
those of PS particles. In the spectrum of PS/PANI particles, only
two new absorption bands with low intensity are observed at
1310 cm1 (C–N stretching) and 1153 cm1 (C]N stretching)
compared with the PS spectrum. Thus, to enhance the relative
band intensities of the PANI component, we dissolve the com-
posite particles in ethyl acetate for one day to remove the PS
component. The spectrum of the dissolved composite particle
shown in Fig. 2a can be regarded as supporting evidence for the
PANI component. Apparently, the intensity of the characteristic
peak of PANI is reinforced (i.e., at 3440, 1625, 1300 and near
1140 cm1), while strong absorption bands ascribed to the PSFig. 1 (a) SEM image of walnut-like hierarchical structure, inset: a photog
structure on the surface of a PS microsphere. (c) The shape of a water dropl
This journal is ª The Royal Society of Chemistry 2010component are diminished sharply. In addition, the UV-vis
spectrum of the sample provides strong evidence of the PANI
component. Fig. 2b presents the UV-vis spectrum of the PANI
network-like structure dissolved in m-cresol solvent, which
shows a strong peak at 410 nm and a weak peak at 890 nm with
a free tail, which are attributed to the polaron–p* transition and
the p–polaron transition,16,17 respectively.
X-Ray diffraction (XRD) was used to further probe the
structures of the PANI nanofiber network-like structure as
shown in Fig. 2c. It can be observed that the sharp peaks of the
walnut-like PS/PANI sample centered at 2q ¼ 15.3, 31.2
correspond to the (010) and (020) Bragg reflections of the
emeraldine hydrochloride structure.17,18 A weak peak centered at
2q ¼ 19.2 can be ascribed to periodicity parallel to the polymer
chain.19 It is noteworthy that the diffraction peak at 2q ¼ 13.2
appeared in the pattern of walnut-like PS/PANI particles, which
can be ascribed to doping with bromide ions. In light of C10DAB
bearing bromide ions, chloride ions as dopant ions in the PANI
chain might be substituted during the polymerization process.
The early research showed that the distance between the center of
a bromide ion and the closest PANI chain was approximately
0.33 nm,20 and therefore two d-spacings for an interchain spacing
of 0.670 nm (2q ¼ 13.2) were observed. These facts suggest that
PANI has good crystallinity and an ordered arrangement on the
surface of PS microspheres.
The electrical conductivity of walnut-like PS/PANI particles
was measured by a four-probe method. Much to our surprise,
although a very low aniline monomer dosage (2 g L1) is used in
the polymerization, the walnut-like PS/PANI particles exhibit
good conductivity of 0.23 S cm1. Although the previous reports
showed analogous levels of conductivity for core-sshell PS/PANI
composite particles, the PANI loading (9.5 wt%) was larger than
that (5.8 wt%) used in our experiment.21 In other words, under
the conditions of a low aniline monomer dosage, the sophisti-
cated PANI nonwoven meshes on the surface of PS particles still
bestow better conductivity on PS than the shell structures do.
This result is probably due to the good crystallinity of PANI and
the formation of a continuous conducting path.Controllable morphology of PANI on PS surfaces
Temperature effects on PANI morphology. The reaction
temperature has a great influence on the morphology of PANI on
PS surfaces. The walnut-like hierarchical structure is obtained
under the specific condition that the reaction temperature is kept
at room temperature (RT) during dropwise addition of APS and
then falls to 4 C. If the whole polymerization process is carriedraph of a walnut. (b) Magnified view of PANI nanofiber network-like
et on a surface with walnut-like structure.
J. Mater. Chem., 2010, 20, 10847–10855 | 10849
Fig. 2 (a) FTIR spectra of dissolved PS/PANI-C10DAB sample, PS/PANI-C10DAB sample and pure PS sample, from (A) to (C). (b) UV-vis spectra of













































View Article Onlineout at RT, it is found that PANI forms a nearly perfect network-
like structure as shown in Fig. 3a and b, which is strikingly well-
defined and knitted by nanofibers with an average diameter of 60
nm. Compared with the walnut-like structure, these PANI
nanofibers on the PS surface appear thin and sparse. However,
when the whole synthesis process proceeds at 4 C, PANI
nanofibers grow abundantly but tend to merge together on the
PS surface (Fig. 3d and e). Obviously, the low temperature
disfavors the generation of a perfect network-like structure. It
should be noted that the changes in the density of PANI nano-
fibers consequentially affect the hydrophobic properties of PS/
PANI particles. The water CAs on the PS/PANI particles
obtained at RT and 4 C are 95 and 133, respectively (Fig. 3a
and d, inset). In addition, the walnut-like structure possesses
superhydrophobicity. These results indicate that constructing
enough nanostructures on the surface of the microscale surface
will bring a qualitative leap in the hydrophobic properties.
Nevertheless, for the conductive properties, the situation is
different. The conductivity of the PS/PANI particles synthesized
at RT (0.5 S cm1) is two order greater in magnitude than that of
the PS/PANI particles harvested at 4 C (0.0032 S cm1), and
even exceeds that of the walnut-like structure (0.23 S cm1).
These facts may be explained as a result of the different PANIFig. 3 (a) SEM image of PS/PANI microspheres synthesized at room tem
a contact angle of around 95 (inset). (b) Magnified view of a PS/PANI parti
pattern of PS/PANI microspheres synthesized at room temperature. (d,e) SEM
A water drop floated on a surface from the microspheres has a contact an
synthesized at 4 C.
10850 | J. Mater. Chem., 2010, 20, 10847–10855crystallinity. Namely, the low crystallinity of PANI induces the
decrease of conductivity. At low temperature, plentiful proton-
ated aniline monomers with poor solubility adsorb onto the PS
surface, which may greatly undermine the role of the cationic
surfactant on the PS surface owing to competitive adsorption
behavior. It has been reported that PANI could achieve a higher
degree of crystallinity via the use of the surfactant-assisted
approach.22,23 In this regard, one important role of the surfactant
can be considered: surfactant acting as ‘‘templates’’ and con-
trolling the polymerization to afford an ordered polymer chain.
From the SEM observation (Fig. 3), we can discern that at 4 C
(a relatively low temperature), a larger amount of PANI occupies
the PS surface, and the PANI morphology seems irregular. So at
a low temperature the PANI component fails to achieve its
regular growth on the PS surface whereby the crystallinity of
PANI decreases extremely, which can be proved by the com-
parison of the XRD patterns of the two samples (Fig. 3c and f). It
can be seen that there are four pronounced diffraction peaks at
2q ¼ 13.3, 15.5, 20.5, 31.2 in Fig. 3c. Compared with the
XRD pattern of the walnut-like structure (Fig. 2c), it is very clear
that the peak at 2q ¼ 20.5 is a new one which can be ascribed to
the (100) Bragg reflection of the emeraldine hydrochloride
structure,17 and the intensity of these peaks is much higher. Thisperature. A water drop floated on a surface from the microspheres has
cle with well-defined network-like PANI knitted by nanofibers. (c) XRD
image and magnified view of PS/PANI microspheres synthesized at 4 C.
gle of around 133 (inset). (f) XRD pattern of PS/PANI microspheres
This journal is ª The Royal Society of Chemistry 2010
Fig. 5 SEM images of PS/PANI particles with the various mass ratios of
aniline and PS: (a,b) 20 : 1;(c,d) 10 : 1; (e,f) 5 : 1. Other synthesis condi-













































View Article Onlinemeans that the crystallinity of the sample fabricated at RT with
a nearly perfect PANI network is better than that of the walnut-
like sample. From these results, one conclusion can be drawn
explicitly that the conductivity of PS/PANI particles is mainly
dominated by the orderly growth of the PANI conductive
network structure, not the amount of PANI nanostructure on the
surface of PS particles.
Effect of cationic surfactant’s hydrophobic chain. A cationic
surfactant is a kind of amphiphilic molecule, which has hydro-
phobic chains and hydrophilic ends. On basis of the surfactant
characteristics, more hydrophobic chains mean a larger amount
of surfactant at the solid/liquid interface.24 Hence, we used
another cationic surfactant, dodecyltrimethylammonium chlo-
ride (C12TAC), to investigate the effect of the adsorption quan-
tity of surfactant on the PANI morphology. The concentration
of C12TAC is the same as that of C10DAB, which is also below its
CMC. Compared with C10DAB, C12TAC has only one long
hydrophobic chain, which induces fewer C12TAC molecules
assembled on the surface of PS at the same concentration. Fig. 4
shows the SEM image of PANI harvested in the presence of
C12TAC. Careful observation of Fig. 4b discerns that PANI is
made up of 1D nanostructures (such as nanofibers with 100 nm
in diameter) that seem to fuse together or cross-link into a
network-like structure. If the PS cores are dissolved, the network
like structure is explicitly displayed (as shown in Fig. 4c).
Compared with the PS/PANI-C10DAB particles synthesized at
RT (Fig. 3a and b), we find that the PANI nanofibers of the PS/
PANI-C12TAC sample synthesized at RT become thick on the
surface of PS microspheres. It is evident that C12TAC enhances
the coating of PANI component on the PS microspheres.
The hierarchical structure prepared under the direction of
C12TAC also presents good hydrophobic properties, on which
the water CA is about 134 (Fig. 4a, inset). Yet the conductivity
of the PS/PANI-C12TAC-RT particles is only 0.096 S cm
1,
bearing in mind that the PS/PANI-C10DAB-RT sample has a
good conductivity of 0.5 S cm1. This fact further supports the
suggestion that the perfect and ordered PANI network structure
is a key factor of high conductivity.
Morphology control via concentration of aniline monomer and
dripping speed of oxidant. Fig. 5 exhibits the SEM images of PS/
PANI particles synthesized with the mass ratio of aniline and PSFig. 4 (a) SEM image of the PS/PANI-C12TAC-RT particles. The shape of
shown in the inset. (b) High magnification SEM image of PANI structures m
PANI-C12TAC-RT particle.
This journal is ª The Royal Society of Chemistry 2010varying in the range of 20 : 1–5 : 1. With a high mass ratio of
20 : 1 (Fig. 5a and b), large numbers of PANI nanofibers are not
only interwoven into a network but also stacked on each other.
As the mass ratio decreased to 10 : 1, the PANI network-like
structure becomes clear (Fig. 5c and d). If the mass ratio is
altered to 5 : 1, PANI nanofibers just cover the surface of PS
microspheres but don’t create effective network-like structures
(Fig. 5e and f).
The dripping speed of oxidant is an important influencing
factor in the formation of PANI network-like structures. Too
high a dripping speed may cause the polymerization of aniline in
the aqueous phase, and therefore PANI is unable to forma water droplet on a surface from the PS/PANI-C12TAC-RT particles is
ade up of thick and short nanofibers. (c) TEM image of a dissolved PS/













































View Article Onlinea uniform network-like structure on the PS surface, as illustrated
in Fig. 6a. In this work, we found that the dripping speed should
not be greater than 0.05 ml/10 s, which was suitable for the
growth of PANI nanofiber network-like structures (Fig. 6b).Mechanism for the walnut-like PS/PANI particles
As is commonly known, surfactants are able to form micelles that
act as templates for synthesizing PANI nanostructures. How-
ever, in our reaction system, we simply expect that the cationic
surfactant plays the role of modifying the surface of the PS
microspheres rather than acting as a template. So the concen-
tration of the cationic surfactant is kept below the CMC.
Naturally, the formation mechanism of PANI nanofibers can’t
be classified as soft-template polymerization.
We believe that there is competitive adsorption between the
cationic surfactant and protonated aniline monomer at the solid/
liquid interface. Thus the parameters such as temperature,
concentration and the type of cationic surfactant, which affect
the adsorption quantity of cationic surfactant, would define the
PANI final morphology on the PS surface. To assure this, we
carried out zeta potential measurements. It was found that the PS
microspheres in the cationic surfactant solution (pH ¼ 1) have
a zeta potential of 7 mV, and conversely those in a solution
(pH ¼ 1) without cationic surfactant have a zeta potential of
15.9 mV. This difference bears out the presence of cationic
surfactant molecules on the PS microspheres. The determination
of the cationic surfactant in solution with the Marker bromo-
thymol blue spectrophotometric method gives further evidence
of the adsorption of cationic surfactant. After the adsorption,
a distinct color change occurred in the cationic surfactant solu-
tion containing bromothymol blue as displayed in Fig. S2.† The
experimental data of spectrophotometric analysis are listed in
Table 1. The enhancement of the absorbency after adding PS
microspheres shows that there are fewer cationic surfactant
molecules in the solution combining with the bromothymol blue.
In other words, many cationic surfactant molecules adsorb onto
the PS surface.
Based on the above evidence, we attempt to explain the whole
formation process of the hierarchical structure as follows.
Firstly, the PS microspheres are decorated with a layer of
cationic surfactant molecule as described in Scheme 1. Upon the
addition of the aniline n-hexane solution, many aniline mono-
mers diffuse into the aqueous HCl solution and form anilinium
cations spontaneously. On the other hand, the aniline n-hexaneFig. 6 a) PS/PANI microspheres synthesized with dripping speed kept at
0.5 ml/10 s. b) PS/PANI microspheres synthesized with the dripping
speed kept at 0.05 ml/10 s. Other synthetic conditions: the mass ratios of
PS and aniline is 10 : 1, C10DAB, room temperature.
10852 | J. Mater. Chem., 2010, 20, 10847–10855solution is sheared into small droplets. Then, the dissolution
equilibrium of aniline in the oil/aqueous phases can be reached
after a certain period of stirring. Owing to the amphiphilic struc-
ture, the anilinium cations eventually adsorb onto the surface of PS
microspheres as depicted in Scheme 1. Furthermore, we consider
that the collision between aniline n-hexane droplets and PS
microspheres at early stages of stirring may aid the adsorption of
aniline on the PS surface. No matter how aniline realizes its ad-
sorptive process, the competitive adsorption between the cationic
surfactant and anilinium cations takes place on the surface of the
PS particle, notwithstanding. These cationic surfactant molecules
and anilinium cations are both able to capture S2O8
2 ions because
complex formation between cationic ammonium ions and the
anions of (NH4)2SO4 has been observed previously.
25,26 As a
consequence, the polymerization of aniline on the PS surface
proceeds in the presence of the cationic surfactant as illustrated in
Scheme 1.
But what kind of role does the cationic surfactant play in the
formation of PANI on the surface of PS? We carried out the
synthesis of PS/PANI composite particles without cationic
surfactant for comparative purpose. The resulting product
totally displays the conventional core–shell structure (Fig. S3†).
Hence, we can come to a conclusion that the cationic surfactant,
that can occupy some sites of the PS surface, is the key to the
generation of the PANI nanofiber network on the surface of PS
microspheres. To unequivocally elucidate the role of cationic
surfactant in the formation of the PANI network-like structure,
we adopt a nonionic surfactant, Tween 60, instead of the cationic
surfactant under conditions that typically yield nanofiber
networks. From Fig. 7, it can be clearly observed that in the
presence of Tween 60 only PANI irregular dots and its
agglomerates are obtained.
This fact corroborates the view that cationic surfactants with
positive charge can orchestrate the growth of PANI nanofibers via
electrostatic interactions, which can be further proved by SEM
images of the products at different polymerization times (Fig. 8).
Fig. 8a demonstrates that at the early stage of the polymerization
only a few bud-like PANI structures appear on the surface of PS
microspheres. Yet as the polymerization proceeds, the bud-like
structures gradually changes to nanofiber shapes (Fig. 8b). It is
interesting to note that these nascent nanofibers can produce
a second growth like stem and finally form a fine network (Fig. 8c
and d). Undoubtedly, the second growth of nascent nanofibers is
subject to the manipulation of cationic surfactant.
We suppose the temperature dramatically influences the
manipulatory strength of the cationic surfactant. It was reported
that a low reaction temperature would decrease the solubility
of (C6H5NH3)2S2O8 in the solution.
25 As a result, it’s reason-
able to expect that at low temperature, a large amount of
(C6H5NH3)2S2O8 and aniline cations would deposit onto the PS
surface due to their poor solubility. This means that lots of sites
at the PS surface would be occupied by the anilinium salt, which
greatly undermines the role of cationic surfactant owing to the
competitive adsorption behavior. To verify our supposition, we
trace the synthesis process of the sample at 4 C as illustrated in
Fig. S4.† Compared with the sample synthesized at RT, a larger
amount of PANI occupies the PS surface at the same interval
(Fig. S4†), which is in good agreement with our view about the
increased adsorption of anilinium salts. But why can PANI formThis journal is ª The Royal Society of Chemistry 2010
Table 1 The experimental data obtained from the Marker bromothymol blue spectrophotometric determination of cationic surfactant in the solution
Pure C10DAB solution
C10DAB solution through the
adsorption of PS microspheresa Pure C12TAC solution
C12TAC solution through the
adsorption of PS microspheresa
Absorbency 0.2139 0.3542 0.2949 0.3478
a The cationic surfactant solution after adsorbing was subjected to centrifugal separation to remove the PS microspheres.
Fig. 7 (a) SEM image and (b) high magnification SEM image of PS/
PANI particles synthesized in the present of Tween 60. Other synthetic













































View Article Onlinesophisticated nonwoven meshes when low temperature is kept
just after dropwise addition of APS? According to SEM obser-
vation, the fine PANI network structure has already formed
when the polymerization lasts for 30 min at RT (Fig. 8). It takes
approximately 35 min to finish the addition of oxidant APS. So
we believe that the new anilinium salts or oligomers adsorbed
onto the PS surface only initiate polymerization on some sites
coated with PANI network-like architecture. It is the key point
that the sophisticated nonwoven meshes can be constructed in
the presence of cationic surfactant (Fig. 1a and b).
On the basis of the above results, we conclude that cationic
surfactant molecules adsorbed on the PS surface not only occupy
a lots of sites but also impel anilinium cations via electrostatic
repulsion, which would drive the polymerization of aniline to
occur in the limited space as illustrated in Scheme 2. The
restricted growth of PANI results in the final formation of
network-like structure. Therefore, we refer to the method as
‘‘competitive adsorption–restricted polymerization’’.Scheme 1 Schematic presentation for fabrication of a nanofib
This journal is ª The Royal Society of Chemistry 2010Notably, as discussed above, there are many aniline n-hexane
droplets in the reaction system. Then, what do the droplets
undergo during the polymerization? After filtering the reaction
solution with a membrane whose pore size is 1 mm, we obtain PS/
PANI particles on the membrane only. We further investigate theer network-like PANI structure coating a PS microsphere.
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Fig. 8 SEM images of PANI network-like structures synthesized for
different polymerization times: (a) 5 min; (b) 10 min; (c) 30 min; (d) 60
min. Other synthetic conditions: the mass ratio of PS and aniline is 10 : 1,
C10DAB, room temperature.
Scheme 2 Cationic surfactant molecules confer the directionality onto













































View Article Onlinefiltrate and find short PANI nanoparticles with 70–120 nm
diameter (Fig. 9), which shows that the aniline n-hexane droplets
perform their polymerization in the solution. The ratio between
the PANI in the reaction solution and that adsorbed on the




where R is the ratio between the PANI in the reaction solution
and that adsorbed onto the PS surface, W0 is the theoreticalFig. 9 (a) SEM image of short PANI nanorods existing in pink filter
liquor obtained by filtering the reaction solution with a membrane whose
pore size was 1 mm. (b) Measurement of dynamic light scattering of the
short PANI nanorods.
10854 | J. Mater. Chem., 2010, 20, 10847–10855PANI loading in the PS/PANI composite, W is the actual PANI
loading in the PS/PANI composite. For the walnut-like hierar-
chical structure, the results of the elemental microanalyses indi-
cate that the actual PANI loading is 5.8 wt%. Based on the mass
ratio of aniline monomer and PS, the theoretical PANI loading is
9.1 wt%. Thus, according to eqn (1), the ratio between the PANI
in the reaction solution and that adsorbed onto the PS surface is
0.57. This ratio has an inverse relationship to the PANI loading
in the PS/PANI particles, and therefore any factors disfavoring
the PANI loading must lead to the increase of the ratio. For
example, when the whole synthesis process of the PANI is
maintained at RT, the actual PANI loading is found to decrease
to 4.4% by the elemental microanalyses (ESI†), and the ratio
accordingly increases to 1.07.Conclusion
‘‘Competitive adsorption–restricted polymerization’’ is a facile
strategy to uniformly tailor PANI nanofiber network-like archi-
tectures on the surface of PS microspheres. By altering the
temperature, concentration and dripping speed of oxidant, the
morphology of PANI nanofibers on the micro-scale three-
dimensional surface can be controlled flexibly and accurately.
Moreover, the perfect PANI conductive network bestows the PS
microspheres with good conductivity. This method breaks
through the traditional viewpoint that PANI only generates shell
structures on PS microspheres, and blazes a new way to the
synthesis of PANI nanofiber networks on solid surfaces. Our
results show that not only is the approach used simple and
effective but also the walnut-like hierarchical structure, composed
of a complicated nonwoven PANI mesh and a PS microsphere,
gives birth to a superhydrophobic surface. This walnut-like hier-
archical structure with good conductive and superhydrophobic
properties may have potential applications in biosensors, anti-
fouling and antistatic coatings.Acknowledgements
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